Copper powder dispersed acrylonitrile butadiene styrene (ABS) composites were prepared by the solution cast method. Although the addition of Cu greatly enhanced the electric conductivity at the critical volume fraction (19:0þ=À1:0 vol%Cu) from the insulator to the electric conductor, the decrease in the Charpy impact value was gradual. Since the impact value of the ABS polymer prepared by the solution cast method was 1.75 times larger than that before treatment, it is clear that the solution casting improved the impact value. When the volume fraction of Cu powders of high electric conductive ABS composites was from 20 to 30 vol%Cu, the impact value was 7 kJm À2 . The moderated impact value was not only 44% of that of pure ABS polymer before solution casting, but was also higher than that of dispersed nylon6 composites (2 kJm À2 ) utilizeed for practical exteriors.
Introduction
There is much interest in the development of inexpensive, electric conductive composite polymers with an appropriate weight and/or appropriate impact value for use with practical articles. [1] [2] [3] The addition of electric conductive powders has enhanced the electric conductivity of insulators. Based on the percolation theory, 4) the critical volume fraction (threshold) from the insulator to the electric conductor is 16þ=À2 vol% in powder dispersed composites. 5) Discontinuous dependence of electric conductivity has been observed in Al powder dispersed PMMA film composites. 6) The experimental critical volume fraction from insulator to conductor is 18:5þ=À1:5 vol%Al for powder dispersed PMMA film composites. 6) These results can be explained by the percolation theory. 4, 5) Inexpensive nylon6 composites with Al powder dispersion exhibit electro-conductivity. However, the low impact value (2 kJm À2 ) is a serious problem, because cracks easily propagate at the interface between the nylon6 matrix and the Al powders. 2, 3) On the other hand, it is difficult to prepare the composites samples with various volume fractions. To prepare the samples, the solution casting is a useful method. [6] [7] [8] [9] [10] Solution casting at room temperature, that involves solidification after dissolving plastics into organic solvent, has been developed for film. The advantages are that casting can be done at room temperature, as well as shortening the production period of mold and the cost saving in plant and equipment. 6) Furthermore, the effects of residual solvent molecules on impact value enhancement are one of benefits of composites. The influence of water absorption on the impact value of Al powder dispersed nylon6 has been investigated. 3) Although Al dispersion decreases the impact value, water absorbing treatment for about 1 day at the boiling point substantially increases the impact values of Al-dispersed nylon6 composites.
3) This could be mainly due to water molecules in nylon6 relaxing the impact force. If the effect of acetone molecules in polymers on the impact value is similar to that of water molecules, it is possible that the residual acetone molecules also act as relaxation sites. Thus, the solution cast method can be expected to improve the impact value.
Acrylonitrile butadiene styrene (ABS: -(CH 2 -CH=CH-
polymers is a useful matrix material for improving the impact value of stiff electric conductive composites.
The ABS copolymer is a composite material constructed with both rubber structure phase particles of poly-butadiene (PB: -(CH 2 -CH=CH-CH 2 )-) in an amorphous phase matrix of acrylonitrile styrene (AS: -[(CH 2 -CHh-CNi) n -(CH 2 -CH h-benzene ringi) m ]-) and AS fine particles existing inside and outside the PB particles. Since ABS copolymer has been developed to have a high impact value while retaining stiffness, [11] [12] [13] it is often called a polymer alloy. The high impact value has been explained due to dispersion of elastic PB particles in the AS matrix phase with high rigidity.
Copper generally exhibits high electric conductivity, and is higher than that of aluminum. To enhance electric conductivity, copper has been used in place of aluminum as the dispersed powders. Electric conductive ABS composites with Cu-powder dispersion have been prepared by the solution cast method as the dispersion ratio is easily controlled. The critical volume fraction (threshold) from the insulator to the electric conductor, which is explained by percolation theory, 4) is 17:5þ=À2:5 vol%Cu in ABS polymer.
14) The addition of 20 vol%Cu enhances the electric conductivity, which is higher than that of Al-dispersed composites. 14) However, it is serious problem to decrease the impact value of the high electric conductive composites in a predictable manner. Thus, the effect of the addition of copper (Cu) powders on ABS composites has been investigated. The purpose of the present work is to obtain high electric conductive ABS composites with a moderated impact value for use with practical articles.
Experimental Procedure

Sample preparation
Based on the results of scanning electron microscope (FE-SEM: JSM 6300F, JEOL, Tokyo) results, the mean short and long diameters of pure Cu powders (Cu Powder M 45 mm pass, Kohjyundo Kagaku Kennkyujyo, Tsukuba) dispersed are 13.9 and 26.8 mm, respectively. ABS polymer (Natural Color, Secon-Miki Ltd.) and acetone were mixed in a screwtop glass tube ( Fig. 1-1 ) before the Cu powders were added ( Fig. 1-2) .
The mixing molar ratio ([vol%ABS]/[vol%Aceton]) of ABS polymer solute per acetone solvent was 1/2 for 0 and 10 vol%Cu, 1/3 for 18 and 20 vol%Cu, 1/8 for 30 vol%Cu and 1/9 for 50 vol%Cu. Here, mass was measured using an electronic mass balance (ER-180A, Kensei-Kohgyo Ltd.). The treated ABS polymer was injected into the polyethylene mold under 58.8 MPa at room temperature ( Fig. 1-3 ) and solidified by acetone evaporation (Fig. 1-4) . The solidification time was 72 h at 299þ=À2 K.
Impact test
The sample size of ABS polymers was 80:0 mm Â 5:0 mm Â 2:0 mm with notch type A. To evaluate the impact fracture toughness, the Charpy impact values of the ABS polymers were measured using a standard impact fracture energy measurement system (JISK7111). The Charpy impact value was calculated by the following equation.
Here, E, W, R, , and 0 were impact fracture energy (kJ), hammer mass (8.428 N), length (0.2102 m) of hammer weight point from rolling center, start angle (132 ) before impact, the maximum angle after impact and the maximum angle of the blank test, respectively. The Charpy impact value (kJm À2 ) was expressed by the following equation.
Here, E, b and t were impact fracture energy (J), sample width (mm) and span distance (sample thickness, mm), respectively. The distance between supporting points was 11.45 mm.
XPS and ESR measurements
To evaluate change in bonding state in ABS polymer reacted by acetone molecules, X-ray photoelectron spectroscopy (XPS; Quantum2000, ULVAC) analysis 15) was performed under XPS condition. The measurement area of Al target was 100 mm Â 100 mm. The partial pressure was 2:7 Â 10 À4 to 6:7 Â 10 À6 Pa. The pass energy is 23.05 eV for narrow and 58 eV for width. The step was 0.1 for narrow and 1.0 for width.
To obtain more precise information on structural changes at the atomic level in the ABS polymer, the density of the dangling bonds was obtained using an electron spin resonance spectrometer (ESR, JES-FA2000, Nippon Denshi Ltd. Tokyo).
16) The microwave frequency range used in the ESR analysis was the X-band at 9:45 AE 0:05 GHz, with a field modulation of 100 kHz. The microwave power was 1 mW. The magnetic field was varied from 318.7 to 328.7 mT. The spin density was calculated using a Mn 2þ standard sample. Only ESR spectra, instead of spin densities, were given.
Results
Improvement of impact value of ABS polymer by solution casting
To evaluate the dynamic mechanical properties, the Charpy impact value has been measured for ABS polymer. The fracture probability (P f ) is a convenient parameter for quantitatively analyzing experimental values on simple fractures. It is expressed by the following equation, which is a generalized form of the Median Rank method.
Here, n and I are the total number of samples and the order of fracture of each sample, respectively. The order of fracture means the aligned number of fractured samples from low to high impact value. The influence of the Charpy impact value on solution casting has been also investigated. Figure 2 shows the change in impact values of ABS polymer before and after solution casting against fracture probability (P f ).
The solution casting at room temperature improves the impact values at P f values of 0.056, 0.46 and 0.944. The impact values are 2.5, 1.7 and 1.5 times larger than those before molding. Namely, the effect of solution casting on impact value at the lowest P f value is larger than that at the highest P f value. Figure 3 shows changes in mean Charpy impact values of Cu powders dispersed composite ABS polymers prepared by the solution casting (SC) method, together with ABS polymer. The addition of 10 vol%Cu greatly decreases the impact value from 27 to 9 kJm À2 , which is about 33% of that (27 kJm À2 ) of ABS polymer. Moreover, the addition of Cu from 10 to 50 vol% gradually decreases the impact value from 9 to 2 kJm À2 . The impact value of 50 vol%Cu dispersed composites polymer is 2 kJm À2 , which is more than 13% of that of ABS polymer before casting.
Impact value of Cu powders dispersed composites prepared by solution casting
XPS signals of matrix polymer before and after solution casting
The solution casting increases the mass, which is evaluated by electronic mass balance. The residual mass of acetone is 8:5þ=À0:5 mass%, when the mixing mole ratio (vol%ABS/ vol%Aceton) is 1/2 for pure ABS polymer.
The change in the bonding state in ABS polymer reacted by acetone molecules has been evaluated using XPS (X-ray photoelectron spectroscopy) analysis (Quantum2000, ULVAC, Tokyo). Figure 4 shows XPS signals of C-C, C=N and C=O moieties of ABS polymers before and after solution casting.
Although the solution casting slightly decreases the top peak of binding energy of C=O bonding, the most binding energies between the orbital and its electron of ABS polymer prepared by solution casting is approximately as the same as that before treatment. Although slight changes of XPS signals can be observed in ABS polymers prepared by solution casting method, ESR signals have been believed to be useful for evaluating the density of dangling bonds of ABS polymer before and after solution casting. Since no change in g value is observed for ABS polymers by solution casting, the solution casting does not change the type of dangling bond. However, the solution casting decreases the intensity of ESR signals, suggesting that dangling bonds are probably annihilated in the ABC polymer. Figure 6 shows changes in electric conductivity and Charpy impact values of Cu powder dispersed composite ABS polymers prepared by the solution casting method, together with ABS polymer and Al particle dispersed composite polymers with and without water absorption.
Discussion
Influence of Cu powder dispersion on electric conductivity of ABS composites
5)
The addition of Al and Cu up to 17 vol% slightly enhances the conductivity, although the electric conductivity remains low.
The addition of metals from 18 to 20 vol% greatly enhances the electric conductivity. The volume fraction of these enhancements corresponds to approximately 16:0þ=À2:0 vol% conductive particles, as estimated by percolation theory. 4, 5) Although the critical volume fraction between high and low values of electric conductivity is 16:0þ=À2:0 vol% conductive particles in insulator matrix, the experimental critical volume fractions of both Cu powders in ABS and Al powders in PPMA are 19:0þ=À1:0 vol% (see Fig. 6 ).
The high electric conductive composites have been obtained by the addition of 20 to 50 vol%Cu powders addition. The electric conductivity (about 10 5 Sm À1 ) of composites polymers with a high volume fraction of 20 to 50 vol%Cu powder dispersion is much higher than that of Al powder dispersion (about 10 À5 Sm À1 ). Furthermore, the addition of 20 to 50 vol%Cu slightly enhances the electric conductivity. 6, 14) Thus, the electric conductivity of 10 À20 to 10 5 Sm À1 can be obtained by controlling the volume fraction of Cu powders in ABS polymers, as dilatation.
Influence of Cu powder dispersion on impact value
of ABS composites For practical articles, the impact value of the electric conductive composites is critical. The addition of Al powder decreases the impact value of nylon6.
3) The dependence of the impact value of ABS composites on the addition of Cu has been also investigated (Fig. 6 ). The addition of Cu powder in ABS polymer gradually decreases the impact value 3) with the rapid increase in electrical conductivity from the insulator to the electric conductor found at 19:0þ=À1:0 vol%Cu (see Fig. 6 ). The impact value of pure ABS polymer is lower than that of nylon6, whereas the impact values of ABS composites are higher than those of nylon6 composites. Conductivity, s /Sm -1 Fig. 6 Changes in electric conductivity 7, 14) and Charpy impact values of Cu powder-dispersed composite ABS polymers prepared by solution cast method, together with untreated pure ABS polymer and Al powderdispersed composite nylon6 with and without water absorption. 3) composites, although the largest decrease in impact values are found from 0 to 10 vol%Cu and from 30 to 50 vol%Cu.
The addition of 10 vol%Al in nylon6 has decreased the impact value of nylon6 (see Fig. 6 ).
3) Since the interfacial adhesive strength (attractive force) between aluminum and nylon6 is not due to chemical bonding and thus is not so large, the addition of 10 vol%Al in nylon6 converts the type of fracture from ductile matrix fracture to weakly bonded interfacial fracture between aluminum and nylon6. [1] [2] [3] The addition of 10 vol%Cu also decreases the impact value of ABS polymer. Thus, the interfacial adhesive strength (attractive force) between copper and ABS polymer is also not due to chemical bonding and is likely not large. Figure 7 shows optical micrographs of Cu powder dispersed ABS composites. The addition of Cu powders with 10 to 50 vol%Cu increases the weakly bonded interface area between Cu particles and ABS polymer matrix. Therefore, the addition of Cu decreases the impact value, because cracks mainly propagate at the weakly bonded interface.
Although the addition of 10 vol%Cu tremendously decreases the impact value, the Cu addition with 10 to 50 vol%Cu gradually decreases the impact value of ABS composite. In addition to the main factor of weakly bonded interface to decrease the impact value, influence of impact energy transportation by addition of Cu on impact value has been considered.
Extremely high electric conductivity has been found in the ABS composites with 20 to 50 vol%Cu.
14) The rapid increase is found at 19:0þ=À1:0 vol%Cu, which corresponds to the ideal threshold of 16:0þ=À2:0 vol% electric conductor particles, as estimated by percolation theory. 4, 5) The impact force (energy), which is strongly related to sound wave, conducts through the matrix and particles, and transfers at their interface. The impact energy of composites with high volume fraction of Cu is easily released by the increasing in direct contact area at interface as well as in Cu particles volume fraction, and then does not concentrates the impact stress at crack origin sites in the composite. It is possible that the addition of Cu decreases the decreasing rate of impact value as a function of volume fraction of Cu. Therefore, the impact value by addition of Cu is probably dominated by the impact energy transportation, as well as the weakly bonded interface formation.
Although the addition of 20 vol%Cu powder decreases the impact value from 27 to 7 kJm À2 , the impact values of the high electric conductive ABS composites with 20 to 30 vol%Cu is approximately 7 kJm À2 and is apparently higher than that of nylon6 composites (2 kJm À2 ) for use with practical exteriors in Japan. [1] [2] [3] The modulated impact value is higher than that of nylon6 composites with Al dispersion from 20 to 30 vol% and is also 44% of that of pure ABS polymer before solution casting (16 kJm À2 ).
4.3 Effect of solvent casting on impact value of ABS polymer and its high electric conductive composites The Weibull coefficient (m), which is related to reproducibly, is evaluated using eq. (4). The fracture probability (P f ) is expressed by the following equation.
Here, a 0 is the impact value at P f ¼ 0:967. Figure 8 shows the Weibull plots. Solution casting enhances the m value from 5.40 to 14.9. Namely, the solution casting not only enhances the impact value, but also decreases the experimental errors related to reproducibly of ABS polymers. The impact value (see Fig. 6 ) and Weibull coefficient (see Fig. 8 ) of pure ABS polymer prepared by the solution cast method are also about 2 and 2.5 times higher than those before treatment, respectively. When the effects of residual acetone molecules on impact values are similar to that of ABS-50vol%Cu water absorption, the residual acetone is probably the main cause of the improved impact value. Thus, the modulated impact value (7 kJm À2 ) of ABS composite with 20þ=À5 vol%Cu can be explained by the acetone solventcast method, as well as by the dispersion of acrylonitrile styrene particles. 4, [11] [12] [13] Therefore, based on the electric conductivity and impact value, the industrial design of composites can be constructed for use with practical articles.
On the other hand, the ABS polymer is a composite structure with a PB rubber phase particles with superelasticity in AS amorphous phase matrix.
2) The ABS composites have been developed to exhibit the high impact values. The high impact values have been explained by stress relaxation secondary to by elastic PB particles dispersion in the AS matrix phase with high rigidity. 1) As shown in Fig. 5 , the solution casting apparently decreases the intensity of ESR signals at 322 mT of ABS polymer, resulting in a decreased density of dangling bonds. Polymer solvents, such as acetone, generally attract segments of polymers. 19) ABS polymer absorbs the acetone molecules, which attract the segments of ABS polymers with dangling bonds.
When PB particles in ABS polymer becomes soft due to expansion secondary to acetone absorption, they probably acts as the relaxation sites of impact energy, as well as induces the compressive stress in the AS matrix with stiffness. Thus, the ABS polymer prepared by the solution cast method exhibits the high impact values.
The residual acetone molecules probably exist at the intermolecular sites in ABS polymer. Since the weak attractive inter-molecular bonding probably occurs between the acetone molecule and ABS segments, the inter-molecular repulsive force among ABS segments is induced. 19, 20) Based on the apparent repulsive force at free volume among ABS segments, the solution cast method softens and easily deforms the ABS polymer sample. The impact force (energy) is easy relaxed by deformation. In addition, the small amount of free molecules of residual acetone slightly acts as additional relaxation sites.
Therefore, the modulated impact values of ABS polymers prepared by the solution cast method are due to introduction of relaxation sites related to the PB soft particles expansion, as well as to residual acetone molecules and deformation.
The impact values of ABS composites dispersed by Cu powders from 20 to 50 vol% with high electric conductivity are at 7 to 4 kJm À2 , and these values are illustrated between Al dispersed nylon6 composites with and without water absorption in Fig. 6 . The impact value enhancement of ABS matrix prepared by the solution cast method is due to the introduction of relaxation sites related to the PB soft particles expansion, as well as to residual acetone molecules and deformation. Therefore, the moderated impact values of the high electric conductive 20 to 50 vol%Cu dispersed ABS composites can be explained by the residual acetone molecules, whose reinforcement system is similar to that of water molecules of Al powders dispersed in nylon6 composites during water absorption (see Fig. 6 ).
Conclusion
Copper powder-dispersed ABS composites were prepared by the solution-cast method, which allowed the dispersion ratio to be easily controlled. Although high electric conductive composites at more than 19:0 AE 1:0 vol%Cu of critical volume fraction were obtained, the fact that the addition of Cu decreased the impact value was a serious problem. Since the impact value of ABS polymer matrix was 1.75 times larger than that before the solution-casting, the solution-cast method improved the impact value of ABS polymer matrix in the composites. Thus, the moderate impact value (7 kJm À2 ) of the high electric conductive Cu powderdispersed ABS composites was designed to utilize for practical articles. The impact values of 25þ=À5 vol%Cu powder-dispersed ABS composites with high electric conductivity were about 44% of that of ABS polymer before solution casting. The moderated impact value was higher than that of dispersed nylon6 composites (2 kJm À2 ) when use for practical exteriors.
